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ABSTRACT
A Study of the Effect of Load and Displacement Control
Strategies on Joint Strength in Friction Bit Joining of
GA DP 1180 Steel and AA 7085-T71
Taylor George Berg
Department of Manufacturing Engineering, BYU
Master of Science
Friction Bit Joining (FBJ) is a new technology that can be used to join dissimilar materials
together. This ability makes it a good candidate for creating lightweight structures for the
automotive industry by combining lightweight materials such as aluminum to stronger materials
like advanced high-strength steels. The automotive industry is putting significant effort into
interest in reducing vehicle structure weight to increase fuel efficiency and reduce greenhouse
gas emissions. Joining of dissimilar materials is a challenge they face in the light weighting the
body of the vehicle.
The purpose of the current research is to employ FBJ in the joining of a very challenging
material combination: GA DP 1180 to AA 7085-T71. In accomplishing this purpose, the goal is
to move FBJ toward a more production ready process by better understanding the effects of
tooling, bit design, and process parameters on joint strength and reliability as they relate to load
profiles captured during the joining process.
It was found that the joint strength variation was influenced strongly by the hardness and
the geometric consistency of the consumable bits. Bit hardness below 45 HRC led to joint
strength that was less than the required specification (5kN in lap shear tension, and 1.5kN in
cross-tension and T-peel). Variation in bit height and diameter also led to excessive scatter in
joint strength values, where it was not possible to meet the standard for 10 consecutive
specimens (for each of the three tests). Implementation of high-speed data acquisition (1000Hz)
enabled the capture of load curve profiles generated during FBJ. Load curve profiles were
correlated with destructive testing results to discover the impact of process parameter
combinations. Analysis of load curve profiles led to improvements in parameter selections of
spindle speeds (revolutions per minute) and spindle feed-rates (inches per minute). Process
parameters of 5000 RPM and 15 IPM reduced variation in load-curve profiles and destructive
testing. Satisfactory joint strength was achieved in lap shear tension, cross-tension, and T-peel
testing configurations with values of 10.1 kN, 4.1 kN, and 1.8 kN, respectively. The presence of
wet adhesive had little impact on joint performance. Finally, the analysis of a load-curve profiles
resulted in a criterion that allowed for distinguishing “good” welds from “bad” ones, where a
threshold load of 6kN, or higher, during the dwell phase of welding was required in order to
meet joint strength standards.

Keywords: FBJ, dissimilar material joining, advanced high-strength steel, aluminum, GADP
1180, automotive manufacturing, aerospace manufacturing, flush joints, adhesive-bonding
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1.1

INTRODUCTION

Background
CAFE standards set by the Federal government mandate that automotive manufacturers

increase their average fuel economy for cars to at least 54.5 by the year 2025. This is a lofty goal
with current technologies and that is why new technologies are needed. There are two
approaches to improving fuel economy: increase efficiencies in the engine and drivetrain or
reducing the mass of the vehicle. The scope of this research is focused on the latter.
Reducing mass, also known as light-weighting, can be accomplished by using materials
with higher strength-to-weight ratios or using less material. However, not all components of a
vehicle need to be equally strong. Using mixed-materials, designers can use stronger materials,
which are usually heavier or more expensive, only where they are needed. This also allows the
flexibility to use weaker materials, which are usually lighter, where strength requirements are not
as high. Two potential materials of interest to the automotive industry are ultra high strength
steel (UHSS) and aluminum (Al).
Despite efforts to use existing joining techniques and to develop new ones, few joining
technologies show promise in joining these two materials of UHSS and aluminum together.
Friction welding, diffusion bonding, self-piercing rivets, fusion bonding, friction stir spot
welding, adhesive bonding and friction stir welding each fall short of the desired bond, material,
and process characteristics needed. Problems such as brittle intermetallic compounds and
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insufficient strength prevent these technologies from succeeding. But a new technology has
shown promise.
Friction Bit Joining (FBJ) is a new method that incorporates a consumable steel bit to drill
through an aluminum sheet and make a solid-state bond with a steel sheet underneath, securing
the aluminum in place. Recent research has proven efficacy of joint strength in lap shear, crosstension, and T-peel configurations, which qualifies this process as a potential solution for joining
high strength steel and aluminum sheets for autobody structures.

1.2

Problem Statement
The purpose of this research is to develop tooling and welding machine designs that can be

used to understand the relationship of process parameters and joint strength so it can be qualified
in a commercial setting where multiple, consecutive FBJ welds are used with adhesive and
corrosion resistant coatings. In this case, neither the adhesive or coatings must maintain their
integrity, and the welds must be tracked using data acquisition software to determine the
expected quality of welds as a function of machine outputs, like vertical load. Displacementbased welding control will be used to generate load-curve profiles during the process of FBJ
which can be analyzed and used to simulate load-based welding control for testing improvements
in weld performance.

1.3

Research Questions
Can load-based welding control improve the quality or consistency of weld performance

when compared with displacement-based weld control methods? The possibility of using the
loads measured during FBJ welding will be studied by relating load profiles to joint strength and
failure modes for a combination of AA 7075 and DP 1180 sheets.
2

1.4

Hypotheses
The static strength of AA7075/DP 1180 FBJ specimens produced under displacement

control will be correlated with associated load profiles, where it is hypothesized that it will be
possible to distinguish good welds from bad ones using the characteristics of the load profiles.
Good and bad welds will be defined by minimum acceptable failure loads in lap shear tension,
cross-tension, and T-peel configurations.

1.5

Methodology
1.5.1

Materials

Only 0.8mm thick galvanized (GA) DP1180 and 2.5mm thick AA7085 were joined.
Material parameters were set by project sponsor Honda to assure that results were relevant to
their requirements. All joints were made with the steel layer on bottom and the aluminum layer
on top. Coupons for single weld lap shear were 125mm by 40mm with a 20mm overlap.
Coupons for single weld t-peel were 40mm wide with a 35mm straight section followed by a 45degree bend with a 5mm internal radius and then an 80mm straight section. Cross-tension
coupons were 50mm by 150mm with 20mm holes drilled 25mm from each end of each coupon.
The FBJ bits were first made of 1018 steel which were then heat treated to 40-47 HRC
after the bits had been machined and pressed. Bits were produced using a CNC lathe, a die set
and 25-ton hydraulic press, and an oven for heat treating. Then FBJ bits were outsourced and
made of 1035 steel, which were heat treated to 45 HRC.
Joints were made using a prototype FBJ end-effector designed by Lee Machine, Mazak
MegaStir Technologies, and Brigham Young University.
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1.5.2

Experiments

To answer the research questions, a series of experiments were performed that involved
destructive testing of FBJ samples. Lap-shear tension, T-peel, and cross-tension samples were
pulled to failure with an Instron to determine the peak loads and repeatability of the FBJ process.
Specific process parameters were varied to determine their effect on strength and repeatability.
These parameters were Z depth, RPM, Z velocity, and dwell time at each stage of the weld cycle.
Aside from these process parameters, the machine and driver designs were varied to determine
their effects on peak load and repeatability.

1.6

Delimitations and Assumptions
No other materials besides GA-DP1180 and AA7085-T6 were investigated for joining. No

other bit materials besides 1018 and 1035 steel were investigated for bit materials.

1.7

Glossary

AHSS – advanced high-strength steel (steels that yield at 560 MPa or above)
DP – dual phase steel that has a ferrite and martensitic microstructure
GADP1180 – a galvanized combination of high-strength dual-phase steel with an ultimate tensile
strength of 1180 MPa
EDM – electronic discharge machining. Wire EDM was used during this work
FBJ – friction bit joining uses a consumable bit to spot join sheet metals by drilling through the
top sheet and friction-welding to the bottom sheet
FSSW – friction stir spot welding is a solid-state welding process that uses a non-consumable
tool to stir the metals to be joined together at that point
GA – protective zinc coating to prevent rust
4

HAZ – heat-affected zone is the area within a material that has changed properties due to
welding or some other heat intensive process
IMC – intermetallic compound is formed when dissimilar metals diffuse together at the weld
interface, including variations of the two materials
ORNL – Oak Ridge National Laboratory
RSW – resistance spot welding is a fusion-welding process that uses electrodes to clamp sheet
metals together and pass a current through them which produces the necessary welding heat
RPM – revolutions per minute
SPR – self-piercing riveting is a cold process that uses a die set to force a rivet into sheet metal
without predrilling a hole
UHSS – ultra high-strength steel
UTS – ultimate tensile strength
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2

LITERATURE REVIEW

New CAFE standards set by the federal government mandate that automotive
manufacturers increase their average fuel efficiency for their vehicles to at least 54.5 mpg by the
year 2025. The scope of this research is focused on refining a dissimilar material joining method
that can facilitate reduction of mass of the body-in-white auto structure, leading to an increase in
fuel economy and a reduction in greenhouse gas emissions. The mass of a vehicle frame can be
reduced by replacing steel with lightweight aluminum in certain strategic locations, while using
advanced high strength steel (Pan et al., 2020) where strength and stiffness are especially
important. Current methods have not proven capable of joining these two dissimilar metals by
self-piercing riveting, owing mainly to their high strength and low ductility. Friction bit joining
(FBJ) has successfully joined various steel and aluminum alloys, with acceptable joint strength in
lap shear tension, cross tension, and t-peel configurations (Shirley, 2018).
Up to 72% of respondents to a survey given to automotive manufacturers indicated that
lightweighting of the vehicle body structure is how their companies plan to meet the CAFE
standard (Deptula & Noah, 2015). Car manufacturers want “to make cars lightweight and
crashworthy, while reducing costs and meeting performance mandates” (Schneider &
Radzilowski, 2014). Creating mixed-material frames is one way to make a vehicle lighter. High
strength steels are being developed and will be used in conjunction with lighter, weaker materials
like aluminum. The current class of high strength steels are multiphase materials, termed
6

advanced high strength steel (AHSS) (Matlock & Speer, 2009). The automotive industry is
looking at methods to join AHSS to aluminum alloys, but most current joining technologies fall
short when the strength of the sheets to be joined are high. This would include AHSS with UTS
greater than 980 MPa and high strength Al alloys like the 7xxx series.
Current technologies include resistance spot welding (RSW), friction stir spot welding
(FSSW), and self-piercing riveting (SPR). RSW requires an additional layer of material for
chemical compatibility in the weld, which is inconvenient for a high-volume production process
(Sun et al., 2004). RSW can produce reasonable dissimilar metal weld strength (Qiu et al., 2009)
but has low energy absorption (Sun et al., 2004). FSSW does not require additional material to
create a weld joint. FSSW stirs the materials together to form “hook and loop” structures and
intermetallic compounds in the weld interface (Santella et al., 2012). FSSW works, but often it is
difficult to achieve the 5 kN peak load in lap shear tension which is a common requirement for
automotive applications. SPR utilizes a semi-tubular rivet to punch through sheets of material,
sandwiching the two sides together. SPR is inappropriate for brittle substrates, and access is
required to both sides of the joint (He et al., 2008). SPR is competitive in strength at 5 kN but
does not bond well with AHSS having UTS greater than 980 MPa.
Friction Bit Joining (FBJ) is an alternative spot joining process with documented peak
loads in lap shear tension reaching greater than 10 kN for combinations of DP 1180 steel and AA
7085 (Shirley, 2018). Previous FBJ research has used similar principles and designs to the
current research project (i.e. a consumable steel friction bit being spun and pushed through an
aluminum upper sheet until contact steel under sheet, resulting in frictional heating and a
subsequent solid-state bond). Published test results so far have shown that bit hardness is an
important parameter for ensuring that frictional bonding occurs. Fluted bit designs were shown to
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average better peak loads in lap shear tension, but “flat” designs had greater individual peak
loads. The rotational speed of the bit and plunge rate also have noticeable effects on bond
strength (Miles et al., 2010).
It is difficult to find load vs displacement control details in the literature. We know from
prior collaborations with Kawasaki Heavy Industry (KHI) that their FSSW machines typically
use a combination of load and displacement control to achieve consistent joint strength and to
minimize tool wear (Pan et al. 2015). Load control methods use the load signal from the z-travel
of the spindle to pilot the welding process, typically applying a specific load for a pre-set amount
of time. Displacement control methods use a programmed feedrate until a specific
distance/displacement is reached during the weld process.
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3

3.1

EXPERIMENTAL DESIGN

Summary
Lap-shear joints, cross-tension joints, and T-peel joints were made using the Friction-Bit

Joining machine at Mazak MegaStir. Hypotheses were tested, and research questions were
answered by performing relevant tests on these joints to identify the relationships of process
variables to joint performance. Bits were produced at BYU using a CNC lathe, hydraulic press,
dies, and an oven for heat treating. Later, bits were sourced from Grabber Screws (Inc. or LLC)
to the required geometry and heat-treatment. Instron equipment was used to the test mechanical
strength of the joints. Clamp and driver designs were significantly modified as the need arose
throughout development process. The independent variables considered during the course of this
research include:
•

Weld parameters: Z depth, Z velocity, RPM, dwell time

•

Presence of adhesives

•

Driver and clamp geometry

The dependent variables that were studied are:
•

Peak load

•

Failure mode
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3.2

The FBJ End-Effector
Mazak MegaStir (robot, housing, machining components), Honda (C-frame and other

contributions), Lee Machine (Fabrication of hardware and software of system), and BYU built
the Friction-Bit Joining machine used for this research. This C-frame based machine was built
using Fanuc controls, enabling precise programming of RPM (up to 10000 RPM), feedrate
(IPM), Z-depth and dwell delays in G-code.
The C-frame has two load cells located under the anvil where joints are made. The driving
tool was developed to fit the new machine. The driving tool is mounted to the spindle with a bolt
pattern of four 1/4-20 screws. The spindle travels through the ball-screw and is mounted to the
top of the C-frame.
The clamping mechanism was also developed to fit the new machine. The clamping
mechanism is bolted to a plate of the Z-travel system and actuates independently.
The FBJ end-effector uses a Fanuc pendant and control.
Data acquisition occurs with a Windaq module that tracks Z-position, load cell 1 and load
cell 2, spindle RPM, and a motor load. Sampling occurs at 1 kHz with this system.

3.3

Driving Mechanism
The driving mechanism is made up of the driver head and tool holder. The tool holder is

made of heat treated 4340 and mounts directly to the spindle with four ¼-20 bolts. The shank of
the tool holder holds two keys that slide in the keyways of the cutter. The end of the tool holder
is threaded at ¼-20 to interface with the driver head.
The driver head is made with 718 Inconel and screws onto the tool holder. The face of the
driver head has three pins that mate with the driving features of the bits. The back end of the
driver head has a hole that is partially threaded with ¼-20 thread. A magnet fits in the hole and
10

rests behind the face of driving features. in order to hold the bits on the face of the driver as it
descends to make contact with the Al sheet during the welding process.

3.4

Clamping/Flash Cutting Mechanism
The clamp and cutter mechanism has 11 contributing parts. They are the clamp face, clamp

body, guide rods (2), pancake actuators (2), thrust bearing, radial bearing, slip washer, flash
trimmer, and containment plate. The actuators and guide rods are mounted on the support plate
for linear movement. The clamp body is bolted to the actuators and houses the bearings and flash
trimmer. The clamp face bolts to the bottom of the clamp plate and is the engaging surface for
clamping to the materials.
The flash trimmer fits in the radial bearing while a flange rests on the thrust bearing. The
tool holder shaft fits through the flash trimmer and rotates with the keys and keyways. The
material is heat treated D2 tool steel. There are 3 cutting features that engage with and trim the
flash formed around the bit during the joining process.

3.5

Data Acquisition
A Windaq data acquisition device is connected to the end-effector components. The device

is connected to two load cells for force measurement, a laser for distance measurements, and the
spindle motor for motor current % and RPM. The sample rate for each signal is 1000 Hz.
The load cells are located under the anvil of the C-frame and share the load in parallel. The
laser is located on top of the C-frame and travels with the ball screw and motors. Adjustments to
the load cells were made when it was discovered that the curve at the peak was flat. The Kistler
load cell can be configured to a specific max load within its total capacity. Mazak MegaStir
readjusted the load cells to peak at 4500 lbs. per load cell.
11

3.6

The FBJ Process and Phases
The FBJ process is two-fold. One part is moving the robot to the joint locations. The

second part is performing the joining process at the designated location. The creation of a joint
has three phases. The first phase is aluminum penetration. The second phase is joining the steel
bit to the steel substrate. The third phase is the retraction of the driver and flash clearing of the
aluminum around the bit diameter.
The bit design was determined from previous research and was maintained for this
research. The bit geometry includes a shank and head interface. The head has a flange for
pinching down the top layer of aluminum and features for interfacing with the driver. The shank
is made to drill through the top layer of material and create a solid-state bond with the base
material underneath.
3.6.1

FBJ Robot Arm Movement

The movement of the robot arm is controlled by commercial Fanuc software and
programming on a dedicated pendant.
3.6.2

FBJ Weld Process

The weld process is controlled by a purpose-made Fanuc program on a dedicated pendant.
A signal is sent to the FBJ control when the robot arm is at the weld location. The FBJ process
begins with the feed system presenting a new bit to the driver head. The magnet inside of the
head attracts the bit when the head descends to it. After the feed system retracts, the weld cycle
begins. The spindle motor spins up to 2000 RPM and the bit is fed into the aluminum for
2.54mm at 5 IPM. A short dwell occurs while the spindle ramps up to 5000 RPM, then the
system drives another 2.99mm at 15 IPM to create the solid-state bond between the bit (1035
steel) and base material (GADP 1180).
12

3.7

Failure Modes in Tensile Testing
Failure modes include the following: interfacial failures, aluminum pull-out, and nugget

pull-out. Interfacial failures are when the joint of the bit and substrate steel separate. Interfacial
failure modes tend to have lower peak loads in tensile testing. Aluminum pull-out is when the
joint fails around the bit material and doesn’t break the solid-state bond. Aluminum pull-outs
indicate low peak loads in tensile testing. Nugget pull-out occurs when the joint fails in the
substrate steel and doesn’t break the solid-state bond. Nugget pull-out failures are typically
associated with high peak loads in tensile testing.

3.8

Equipment and Testing
3.8.1

Equipment

An Instron tensile tester, with 100 kN load cell, 100 kN pulling jaws, and cross-tension
pulling fixture was used to perform all destructive testing.
Fixture equipment from Honda was provided and placed in Mazak MegaStir’s facilities.
Fixtures were provided to hold lap-shear, cross-tension, and T-peel samples for joining. Fixtures
were also included for structural specimen research.
3.8.2

Lap-Shear Tension

The specimens were created with a 20 mm overlap with the weld centered in the overlap
area. The specimens were loaded in the Instron with ~3.18mm gap from the maximum of the
clamps and pulled apart at 10 mm/min. Load and displacement were analyzed using the Instron
Bluehill software.
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Figure 3-1: Instron Tensile Tester at BYU

3.8.3

Cross-Tension

The specimens were created with the weld in the center of the overlapped sheets. The
specimens were loaded into specific cross-tension jaws and pulled apart at 10 mm/min. Load and
displacement were analyzed using the Instron Bluehill software.
3.8.4

T-Peel

The specimens were pulled apart at 10 mm/min. Load and displacement were analyzed
using the Instron Bluehill software.
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Figure 3-2: Stadium Assembly for Coupon Welding and Cradle for Structural Specimens

3.8.5

Automotive Standards for Spot Joint Performance

The lap-shear coupon specification is a minimum of 5 kN peak load in tensile testing. The
cross-tension and T-peel configurations must achieve a minimum of 1.5 kN peak load in tensile
testing to pass the target requirement.
Samples were tested in sets of 10 and 15 specimens. Measurements were recorded and
analyzed for understanding and determining success. Requirements included consecutive success
of tensile testing configurations under a single input parameter combination.
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4

RESEARCH RESULTS AND ANALYSIS

A great amount of effort was put into the design of an end effector that would be
production ready (or closer than what was done in the previous research).
Lee Machine, BYU, and Mazak MegaStir collaborated in order to create and build the new
end effector. Mazak MegaStir was the location where the equipment was located and where
welding experiments were performed. Lee Machine provided expertise in creating the end
effector components outside of the welding interface. BYU provided the adaptation of the
welding and clamping interface to fit with new constraints of the apparatus and test pieces. The
BYU work involved moving from the previous machine to this new prototype and with the goal
of working toward a machine with production capability. The following iterations occurred to in
order to achieve this: new clamp design, modified driver design, cutter design, bit manufacture,
data acquisition, and parameter development.

4.1

Clamp Design
The clamp from the previous machine was built onto the existing H-frame design by

mounting parallel C-frames to the clamp sides and cycling them with a pneumatic actuator under
the anvil. The new constraints for the end-effector required more mobility and access for
welding. The solution implemented was an FMEA designed C-frame with the anvil and driver
meeting at the bottom of the C-frame. This implementation enabled the desired mobility and
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access that the previous machine did not have. The clamp clearance also needed to match the
mobility and clearance of the new C-frame and mount.
The previous clamp movement only allowed for the stroke of the actuator. For automatic
bit feeding and deep access, the clamp was included with the spindle mount to increase
clearance. The first iteration was designed with die compression springs to provide clamping
force with the z-axis motor. The compression was not sufficient to secure samples and led to
joints that were out of axis alignment. The adjustment for clearance was also more difficult due
to the lack of modularity in spring length.
The second iteration changed from using springs to using two parallel pancake actuators
with 19mm stroke. The two actuators exerted a constant load which was easier to read in analysis
when compared with the variable load of the springs. The clearance and method of clamping
became consistent. The physical interface of the clamp block underwent modifications to fit the
iterations as well, which will be discussed in the following sections of driver and cutter design.

4.2

Driver Design
The driver interface was maintained from the previous FBJ machine to continue with

proven bit geometry and results. General modifications occurred to simplify tool manufacturing
and replacement. The first iteration introduced more parts to the driver assembly to reduce time
to manufacture and simplify tool changes. The driver was separated from a single part into two, a
shaft and slip-on collar. The adjustment reduced machining time and enabled shafts to be
exchanged, reducing material size requirements for manufacture. The shaft was also separated
again into a shaft and driver head that threaded together. The driver heads required less machine
time and material than full shafts and did not require full teardowns to replace broken or worn
drivers. This change also simplified other integrations to driver designs.
17

The driver head had two attributes needed for the FBJ process. The first was to locate the
driving features of the bit with the nubs of the driver head. This first attributed was tested and
optimized during previous research. The second attribute was to secure the bit with a magnet to
the face of the driver. The driver underwent several iterations to overcome an issue with this
particular design. The magnets needed to be small enough to not interfere with driving features
while still holding the bit secure to the driver. The heat from the FBJ process could demagnetize
the magnet, rendering the driver head unable to automatically weld without manual assistance.
This prompted many tool changes and adjustments. While working with this flaw, it was also
noted that magnet seating needed to be flush with the surface of the driver face or magnets would
prematurely break from being presented before the face or bit material would flow into the
recession of the magnet cavity and weld quality would decrease in both scenarios.
The driver head was originally made from heat treated H13 tool steel, which is a magnetic
material. The modifications included using multiple small, recessed magnets, using one central
recessed magnet, and a full face with a magnet placed in a blind hole behind the driver face. The
first two ideas functioned until the magnet was damaged by heat, while the third option did not
work in a magnetic material. Another idea was implemented to try magnetizing the heat treated
H13 driver, thus eliminating the need for a separate magnet, but this effort did not show positive
results. The final iteration involved making a driver head from Inconel 718 with a blind hole for
the magnet. This modification created a driver that successfully maintained magnetism and
prevented bit deformation issues, since the magnet could be now held behind the face of the
driver, rather at the driver surface (which exposed the magnet to damage).
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4.3

Cutter Design
The cutter design was iterated to simplify manufacture and assembly. The previous designs

and machine demonstrated functionality for the FBJ process but did not fit in the constraints of
the new prototype. The previous machine used a rotating cutter with carbide inserts fixed in the
clamp block to clear flash ejected from the weld process. The size was too large to fit in the
required space and the previous clamp block did not provide enough clearance, so the design was
adjusted to fit the new requirements.
Due to the difficulty of tolerance in manufacturing the cutter, two design changes occurred
to attempt simplifying the part. The first design change was changing the cutting features from
carbide inserts to machined cutters. The second design change was to change from a fixed
rotation to a floating rotation design. The cutting features were successful in clearing the flash
and providing a smooth surface finish. The features were machined on a CNC mill with an added

Figure 4-1: Current FBJ Assembly and End-Effector
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4th axis. 3 cutting edges, 120 degrees apart. The floating mechanism was made by creating an
angled slot on the side wall of the cutter that engaged with a pin to drive the cutter. While flash
was cleared, the surface finish was not consistent.
The latest iteration returned to a fixed location cutter design with machined cutters. The
clamp block houses the cutter inside a radial bearing and supported by a thrust bearing. The
cutter rotates by using keyways that slide along the axis of the driver shaft where the keys are
housed. The fixed position of the cutters provides consistent surface finishes and flash clearing.

4.4

Bit Manufacture
The bits used in FBJ were designed and fabricated at BYU for the original FBJ machine.

The bits were made of 1018 steel that was shaped and heat treated to ~45 HRC. The heat
treatment was performed with a quench solution of salt, dish soap, jet dry (wettant), and water.
The quench was difficult and yielded ~70% success rate. Mazak MegaStir worked to find a
partner that could mass produce bits for the machine.
Grabber screws and one other manufacturer provided samples according to the bit design
drawing. The geometry of the initial specimens was close, but the samples were not heat treated
to the specified value of 45 HRC. BYU continued with the manufacture of bits until the next
batch was received and tested.
Grabber Screws sent bit specimens of 1035 steel material that met hardness specifications
but were less controlled in terms of geometry. Die improvements were made and Grabber
Screws sent bits in May 2020 that met both geometry and hardness requirements; these bits were
then used for most of the welding experiments presented in this thesis.
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Figure 4-2: Bit from Grabber Screws

4.5

Data Acquisition
The previous machine built for the FBJ research was able to track certain parameters

during the process. However, the sample rate was too low at 17hz to be of use to track the
vertical load changes during a short-duration weld process. The new prototype machine was
designed to be able to provide much higher sample rates.
The new prototype machine is programmed with a Fanuc controller and programming. Lee
Machine put the programming and ladder logic together for the prototype end-effector. With the
internal computational ability of the Fanuc controller, it was expected that we could obtain
sample rates for data recording near 10,000hz. The programming was created by Lee Machine to
utilize the controller and output the data (see Figure 4-3). The recorded data was stored in
parameters of the controller and output to a memory stick (USB) along with the recorded
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Figure 4-3: Picture Output from Fanuc Controller

graphed image. The output was performed like a parameter dump, including all recorded
parameters of the controller. The output could have been optimized later but was worked around
to test and gather information.
The recorded parameters were analyzed and found that the process only provided a sample
rate of 150hz. The recorded sample rate is different than the internal computational ability of the
Fanuc controller and logic, so an external data module was implemented to track load, RPM, and
position. The Windaq module was put in place by MegaStir and demonstrated a sample rate of
1000hz. This data enabled the analysis of weld creation parameters and correlation to the weld
strengths from tensile testing.
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4.6

Parameter Confirmation
Tensile testing was used as a measure of whether success was achieved. Tensile testing was

completed by using an Instron tensile tester. A standard was provided by the sponsor to
determine success or failure (see Table 4-5). Base welding parameters of 4000 RPM and 5 IPM
were used in the programming of the prototype until tooling and welding became consistent.
Once welding and tooling were consistent, testing occurred using specimens generated with 5000
RPM and 15 IPM.
Samples were made using lap-shear configurations for no adhesive and wet adhesive
conditions. After checking wet adhesive conditions and effect on the weld, feed rate was tested
and improved to reduce weld variation. Feed rates of 6, 8, and 10 IPM were tested (see Table 41), followed by 10, 12, and 14 (see Table 4-2). In Figure 4-4, the peak loads of the different feed
rates were graphed for comparison.12 IPM was selected due to the higher peak loads achieved
during tensile testing. 12 IPM also demonstrated the smallest range. Testing configuration focus
also switched primarily to T-peel to validate results against this most critical test.
Further testing involved reducing the initial aluminum penetration RPM to try to reduce
heating of the bit before solid-state joining of steel-to-steel. The first stage of the RPM was
lowered to 2000 from 4000 and programming was adjusted to allow a small dwell between
stages for the motor to adjust the speed. Tensile test peak loads increased after this change but
ranges still showed too much variation.
Observations of samples demonstrated a small bump in the middle of the bit, suggesting
that some pressure was released into the small pocket where the magnet was located on the
driver head. The driver head material and method of manufacture were adjusted to include a full
face of contact for driving the bit with the magnet behind 8-12mm of material. A change to 718
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Figure 4-4: Joint Strength (N) vs Feed Rate (IPM) for 4000 RPM during the Steel-to-Steel Joining Phase
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Table 4-1: August 6, 2020 - Feedrate Testing for Parameter
Confirmation of 4000 RPM and 6, 8, and 10 IPM

Lap-Shear Dry

Mean
Standard
Deviation
Range

Specimen label

Load at Machine
Peak Load

Extension at
Machine Break

Delta Energy at
Average Value
(Integral)

(N)

(mm)

(J)

Specimen note 1

1

1

> 9029.89066

1.6002

> 7.77253

6 IPM

2

2

> 3.55858

-----

> 0.00061

6 IPM

3

3

> 9372.40375

3.556

> 23.04650

6 IPM

4

4

> 8536.13802

2.1336

> 9.47328

6 IPM

5

5

> 2.35756

-----

> 0.00034

6 IPM

6

6

> 5884.99771

1.2192

> 3.54329

8 IPM

7

7

> 10052.98172

3.0734

> 18.94212

8 IPM

8

8

> 9456.91997

2.54

> 14.92674

8 IPM

9

9

> 10359.90904

3.0988

> 20.98958

8 IPM

10

10

> 9843.91529

2.8702

> 19.20043

8 IPM

11

11

> 10150.84260

2.667

> 17.71847

10 IPM

12

12

> 10488.90748

4.0132

> 29.78668

10 IPM

13

13

> 9345.71442

4.2164

> 27.69894

10 IPM

14

14

> 9737.15796

2.5146

> 16.22426

10 IPM

15

15

> 9292.33576

2.413

> 15.11598

10 IPM

8103.8687

2.39437

14.96265

3464.86961

1.25725

9.2064

10486.54992

4.2164

29.78634

(Inconel) as the driver head material was made so that the magnet could be located away from
the face of the driver (internal to driver), while still providing enough magnetic force to hold the
bit in place during loading and subsequent driving.
In Figure 4-5, the vertical welding load captured during the FBJ process is compared with
the peak load of the joint from tensile testing for samples created with parameters of 12 IPM and
4000 RPM. Based on the variation in performance of 12 IPM at 4000 RPM parameters, it was
decided to try adjusting the feedrate up with the RPM to try reducing the total time for bonding.
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Table 4-2: August 7, 2020 - Feedrate Testing for Parameter
Confirmation of 4000 RPM and 10, 12, and 14 IPM
Adhesive LapShear Feedrate
Test

Specimen label

Load at Machine
Peak Load

Extension at
Machine Break

Delta Energy at
Average Value
(Integral)

(N)

(mm)

(J)

Specimen note 1

1

1

> 10017.39594

3.3274

> 21.82843

10 IPM

2

2

> 10604.56125

3.8862

> 27.36126

10 IPM

3

3

> 10253.15171

3.0226

> 20.52674

10 IPM

4

4

> 11027.14234

3.9116

> 29.20343

10 IPM

5

5

> 10791.38657

2.9718

> 18.92273

10 IPM

6

6

> 10186.42838

3.6576

> 26.06886

12 IPM

7

7

> 10444.42526

4.7498

> 29.10811

12 IPM

8

8

> 10697.97391

3.5052

> 25.70519

12 IPM

9

9

> 11360.75899

3.4798

> 27.01747

12 IPM

10

10

> 10097.46394

2.9464

> 18.37785

12 IPM

11

11

> 9910.63862

3.5814

> 25.07321

14 IPM

12

12

> 11360.75899

3.8354

> 29.46779

14 IPM

13

13

> 10030.74061

3.175

> 21.46293

14 IPM

14

14

> 9105.51043

2.286

> 12.85070

14 IPM

15

15

> 10275.39282

2.7178

> 17.95240

14 IPM

10410.91532

3.4036

23.39514

591.3408

0.59281

4.98429

2255.24855

2.4638

16.61709

Mean
Standard
Deviation
Range

Performance was good but still had outliers in sets of 10, and 10 consecutive successes were
required in the project (see Table 4-3).
The ratio between 12 IPM and 4000 RPM was maintained and the combination of 15 IPM
and 5000 RPM was tested for the steel-to-steel joining phase. The peak loads during tensile
testing increased modestly and the standard deviation of destructive testing of sample sets
decreased from values of about ~500N to 100-150N (see Table 4-6). This last parameter
combination (5000 RPM and 15 IPM) was kept for testing with the presence of adhesive in the 3
tensile testing configurations.
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Figure 4-5: Joint Strength (N) vs. Vertical Welding Load (lbs.) for the Parameter Combination of 4000 RPM and 12 IPM
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Once tests of 10 consecutive samples each passing the 3 tensile test configurations in dry
and wet adhesive conditions occurred (see Table 4-4), the parameter set was established for
welding of top-hat structural prototype parts provided by project sponsor Honda as a key
outcome of this DOE project.

Table 4-3: September 22, 2020 - 10 Consecutive
T-Peel Specimens without Adhesive

T-Peel

Specimen label

Load at Machine
Peak Load

Extension at
Machine Break

Delta Energy at
Average Value
(Integral)

(N)

(mm)

(J)

1

11

> 2052.85445

19.8628

> 30.05660

2

12

> 2043.06836

19.7866

> 30.43663

3

13

> 2004.81366

20.6756

> 31.04168

4

14

> 1670.75218

12.3698

> 14.29713

5

15

> 1978.56915

20.4724

> 30.24448

6

16

> 2065.75430

21.9456

> 34.31655

7

17

> 1964.33484

17.7546

> 25.27120

8

18

> 1966.55895

17.1704

> 23.95626

9

19

> 1588.01525

10.0076

> 10.26008

10

20

> 606.73748

2.3368

> 0.85602

1794.14586

16.23822

23.07366

448.13212

6.20147

10.97844

1459.01682

19.6088

33.46053

Mean
Standard
Deviation
Range

Table 4-4: Group Sample Results from 5000 RPM and 15 IPM
Sample
Sample Size
10/9/2020
10
10/16/2020
10
10/20/2020-1
10
10/20/2020-2
10
10/20/2020-3
10
10/20/2020-4
10

Configuration
T-Peel
T-Peel
Lap-Shear
Lap-Shear
Cross-Tension
Cross-Tension

Peak Load Mean (N)
1833.47
1825.15
10264.72
9945.78
4192.89
4140.54
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Standard Deviation
127.13
148.39
544.21
436.84
277.21
300.18

Range
374.99
443.04
1699.22
1209.92
826.03
1026.20

Table 4-5: Destruction Testing Requirements
Configuration
Requirement (N)
T-Peel
1500
Lap-Shear
5000
Cross-Tension
1500

Table 4-6: Summary of T-Peel Results with an Average of 10 Consecutive
Specimens during Parameter Confirmation - 15 IPM and 5000 RPM
Were Used from the Second Set of 10-2-2020
Sample
9/22/2020
9/22/2020
9/25/2020
9/25/2020
9/30/2020
9/30/2020
10/2/2020
10/2/2020
10/6/2020
10/6/2020
10/9/2020
10/16/2020

4.7

Configuration
T-Peel
T-Peel
T-Peel
T-Peel
T-Peel
T-Peel
T-Peel
T-Peel
T-Peel
T-Peel
T-Peel
T-Peel

Peak Load Mean (N) Standard Deviation
1149.14
692.49
1794.15
448.13
1470.94
676.76
1613.73
578.88
1721.28
458.57
1289.27
682.67
1757.49
547.89
1798.06
126.97
1782.62
97.17
1809.18
332.84
1833.47
127.13
1825.15
148.39

Range
1809.18
1459.02
1534.19
1455.46
1104.94
1455.90
1501.27
328.28
256.66
1098.27
374.99
443.04

Load Analysis
Data gathered with the Windaq module enabled analysis of the load curve profile that is

generated during the weld process.
Load data were collected at 1000hz. The sample rate enabled viewing of the weld cycle in
load (lbs.) vs. time (sec), as shown in Figure 4-6. The spindle speeds and feed rates were
adjusted until samples were consistent in strength and passing the required limits. Comparisons
were made between different parameter sets of spindle speed and feed rate to determine a range
of load profiles that led to successful samples.
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Figure 4-6: Position, RPM, and Load Curve Profile vs. Time
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Figure 4-7: Position and Load Curve Profile vs. Time
The curve consists of the following stages: clamp engaged, aluminum plunge, dwell, steelto-steel joint, and the ending process of spindle retract, flash trimming, and clamp disengage.
Using graphs of the data, comparisons were made between all joints and successful vs failed
joints. Figures 4-8 and 4-9 show the overlaid comparisons and stages of the FBJ process.
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The steel-to-steel joint stage showed differences in fall-off threshold and ending load, as
shown in Figure 4-10. During tensile testing, the higher ending loads trended towards consistent
strengths while the lower ending loads showed inconsistent tensile strengths (see Figure 4-5).

Figure 4-8: Load Profile Curve for 10-20-2020 of Cross-Tension Series with Adhesive

Figure 4-9: Stages of the Friction Bit Joining Process Placed Over the Load Profile Curve
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Figure 4-10: A View of the Load Profile during the Steel-to-Steel Joining Phase
Depicting Peak Fall-Off Rate and Peak Fall-Off Threshold

Friction bit joining creates a solid-state bond and the variables that are known to influence
solid state bonds are time, temperature, and pressure. The process cycle time is constant for this
procedure as it is part of the programming to run the same process for each joint. Similarly, the
temperature is assumed to be consistent from joint to joint, when the same parameters are used,
as we saw from some measurements with an IR gun during initial development. While running
the same parameters for a given set of specimens, pressure was calculated from the measured z
loads and studied for correlation with joint quality. The area of interest was from the peak of the
steel-to-steel joint phase to the release of the driver. At this point in the joining process the area
of the joint can be considered constant since the bit has descended to its lowest point, hence
pressure can be calculated from the force (measured in lbs. from the load cell). The weld series
from August 25, 2020, exemplified these changes in force from one weld to the next. The
destruction data from the Instron was found to correlate with the force (pressure) to satisfactory
and unsatisfactory joints.
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In Figure 4-10, the plot shows measured load (lbs.) along the axis of time (1000 Hz). The
peak of the second stage (steel-to-steel joint phase around 7.33 on time axis) is where correlation
with joint quality was found to emerge. The load falls at varying rates for each sample. The
image is separated into two for clarity between the load profiles of successful joints and failed
joints. The failed joints had varying rates of peak fall-off and ending values of vertical welding
load while the successful joints were consistent in descent rate and ending value of vertical
welding load. This data from 7.3-7.7 seconds shows this correlation with joint strength.
So far, as observed, if a joint has a high ending threshold value in vertical welding load,
then the weld exhibits satisfactory strength. If the ending value of vertical welding load is below
threshold, then the weld may not be satisfactory. The rate of peak fall-off also varies but the
success or failure is more dependent on the ending value of vertical welding load. The threshold
value of ~1350 lbs. (6 kN) was found to correlate to joint strength, and in this case the peak falloff rate may also influence the strength of the joint.
The drop in vertical welding load value suggests a loss in pressure during the steel-to-steel
joint phase of the FBJ process. From Table 4-7 and Figures 4-11, 4-12, and 4-13 of the T-peel
series from 8-25-2020, specimens 3, 6, 7, and 9 peak failure loads exhibit this correlation to
pressure loss (see also previous Figure 4-5).
From August 2020 to October 2020, adjustments were made to machinery, equipment, and
input parameters to achieve consistency. The motor couplings were tightened, the driver material
was changed, the machine parameters were tuned for faster braking, and spindle speeds and
feeds were adjusted to higher values of 5000 RPM and 15 IPM. The changes led to consistency
in achieving target specifications and were established, as mentioned earlier, for future prototype
assembly. Figures 4-14, 4-15, and 4-16 are load profile curves for the configuration tests that
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Table 4-7: Inconsistent Results from 8-25-2020

Dry T-Peel

Specimen label

Load at Machine
Peak Load

Extension at
Machine Break

Delta Energy at
Average Value
(Integral)

(N)

(mm)

(J)

1

1

> 2004.81366

18.5928

> 26.28583

2

2

> 1994.13792

22.225

> 31.30195

3

3

> 495.53193

2.1082

> 0.53204

4

4

> 1898.50115

17.78

> 24.91903

5

5

> 1952.32464

19.2786

> 27.95056

6

6

> 535.12111

2.4638

> 0.71674

7

7

> 1019.97730

4.5212

> 2.56796

8

8

> 2014.59974

18.9484

> 28.15440

9

9

> 737.96003

3.2766

> 1.30329

10

10

> 1921.18708

22.1996

> 30.56548

Mean

1457.41546

13.13942

17.42973

Standard
Deviation

669.78943

8.78476

14.02776

Range

1519.06781

20.1168

30.76991

demonstrated consistency in achieving target specifications. The ending threshold and fall-off
rates are consistent and suggests that enough pressure is present to create a good weld with the
combination of time and temperature in the material bond.
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Figure 4-11: T-Peel Series with No Adhesive from 8-25-2020

35

Figure 4-12: Failed Joints of T-Peel Series 8-25-2020
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Figure 4-13: Successful Joints of T-Peel Series 8-25-2020
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Figure 4-14: T-Peel Series with Adhesive from 10-16-2020; A View of the Load Profile during the Steel-to-Steel Joining Phase
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Figure 4-15: Cross-Tension Series with Adhesive from 10-20-2020; A View of the Load Profile
during the Steel-to-Steel Joining Phase
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Lap Shear Wet 10-20-2020
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Figure 4-16: Lap-Shear Series with Adhesive from 10-20-2020; A View of the Load Profile
during the Steel-to-Steel Joining Phase
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4.8

Testing Configuration Results
Lap-shear testing was most convenient and fastest in sample preparation, but T-peel was

the most critical test, and since optimized parameters for T-peel passed the other configurations
as well, T-peel became the main method of testing to determine if the process was meeting target
joint strength.
4.8.1

T-Peel

The failure modes of T-peel during the final parameter selection were mostly interfacial
with steel tearing from both sides of the joint. The T-peel test occasionally pulled the aluminum
off the bit, not destroying or pulling apart the weld joint (see Figure 4-19). The strength of the Tpeel joints passed the specifications both with and without adhesive in the joint (wet uncured
adhesive). The parameters used for joint creation were then tested with the other tension tests,
cross-tension, and lap-shear.
In Figure 4-17, the vertical welding loads of the T-peel samples are charted with their
respective peak loads. A trend line is included which shows a modest increase in peak load with
higher vertical welding load values. All samples passed destructive testing requirements and
were generated with the parameter combination that was set at 5000 RPM and 15 IPM.
The destruct data is provided in Table 4-8 below. Samples 8 and 10 of the set exhibited
aluminum pull-out failures. The load curve profile is also presented and shows slight variation
between the samples after the peak load of the steel-to-steel joining phase. Other sections of the
load curve profile displayed little to no variation to correlate.
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Figure 4-17: T-Peel Joint Strength (kN) vs. Vertical Welding Load (kN) at
5000 RPM and 15 IPM

Table 4-8: T-Peel with Adhesive, 10-16-2020
Specimen label

T-Peel Wet

Load at Machine
Peak Load

Extension at
Machine Break

Delta Energy at
Average Value
(Integral)

(N)

(mm)

(J)

1

11

> 1981.23808

18.6182

> 27.30864

2

12

> 1873.59111

16.6878

> 22.65832

3

13

> 1880.70826

19.2278

> 28.55702

4

14

> 2006.14812

18.1356

> 27.17725

5

15

> 1806.86778

12.7508

> 16.85872

6

16

> 1906.06313

18.3134

> 26.71939

7

17

> 1756.60287

15.875

> 20.74381

8

18

> 1563.10521

9.7536

> 9.90014

9

19

> 1880.70826

17.5768

> 24.47048

10

20

> 1596.46688

9.1694

> 8.77274

Mean

1825.14997

15.61084

21.31665

Standard Deviation

148.39404

3.72497

7.238

Range

443.04291

10.0584

19.78428
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Specimen note 1
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Figure 4-18: T-Peel with Adhesive, Series 10-16-2020; A View of the Load Profile during the Steel-to-Steel Joining Phase

43

Figure 4-19: Aluminum Pull-Out Failure in T-Peel

Figure 4-20: Interfacial Failure in T-Peel
44

Figure 4-21: Steel Nugget Pull-Out Failure in T-Peel

Figure 4-22: Steel Nugget Pull-Out Failure in T-Peel Side View
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4.8.2

Cross-Tension

The failure modes of cross-tension using the final parameter selection were mostly
aluminum pull-out failures with occasional steel-nugget pull-out. The peak-loads of the test
passed the requirements without exception (see prior Table 4-4 and Table 4-5). The strength of
the failures in cross-tension were higher than T-peel (which shared the same specification value
at 1.5kN) and the joints failed around the aluminum interface.
Figure 4-24 shows the vertical welding loads of the cross-tension samples charted with
their respective peak loads. A trend line is included which shows a modest increase in peak load
with higher vertical welding load values. The parameter combination of 5000 RPM and 15 IPM
resulted in satisfactory peak loads in cross-tension requirements without exception.

Figure 4-23: Steel Nugget Pull-Out and Aluminum Pull-Out Failures in
Cross-Tension, Left to Right
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Table 4-9: Cross-Tension Series with Adhesive, 10-20-2020

Cross-Tension Wet

Specimen label

Delta Energy at
Average Value
Specimen note 1
(Integral)

Load at Machine
Peak Load

Extension at
Machine Break

(N)

(mm)

(J)

1

11

> 4169.76330

8.382

> 21.84052

Nugget Pull-out

2

12

> 4239.15557

9.9314

> 26.86257

Nugget Pull-out

3

3

> 4039.87522

7.4168

> 17.91966

Aluminum Pullout

4

14

> 4294.31352

9.5504

> 25.42341

Nugget Pull-out

5

15

> 4303.65479

8.1788

> 22.67364

Aluminum Pullout

6

16

> 3755.63383

7.9248

> 19.25676

7

17

> 3865.50492

7.4676

> 17.46124

8

18

> 4781.83865

12.192

> 39.10154

9

19

> 3816.57448

6.7564

> 15.09219

10

20

> 4139.07057

8.7884

> 22.58983

4140.53848

8.65886

22.82214

300.18179

1.57555

6.78551

1026.20482

5.4356

24.00935

Mean
Standard Deviation
Range

Aluminum
out
Aluminum
out
Aluminum
out
Aluminum
out

PullPullPullPull-

6.0

Joint Strength

5.0
4.0
3.0
2.0
1.0
0.0

6.0

6.2

6.4
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7.0
Vertical Welding Load

7.2

7.4

Figure 4-24: Cross-Tension Joint Strength (kN) vs. Vertical Welding
Load (kN) at 5000 RPM and 15 IPM
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4.8.3

Lap-Shear

The failure modes of lap-shear were split between aluminum pull-outs and interfacial
failures. The interfacial failures pulled material from both the bit and base plate. The aluminum
pull-out failures had similar peak loads to interfacial failures, both modes passing the required
specification (see previous Table 4-5).
Figure 4-25 shows the vertical welding loads of the lap-shear samples charted with their
respective peak loads. A trend line is included which shows a modest increase in peak load with
higher vertical welding load values. The parameter combination of 5000 RPM and 15 IPM
resulted in satisfactory peak loads in lap-shear requirements without exception.

Table 4-10: Lap-Shear Tension Series with Adhesive, 10-20-2020

Lap-Shear Wet

Specimen label

Extension at
Machine Break

Delta Energy at
Average Value
(Integral)

(N)

(mm)

(J)

1

11

> 10484.45925

2.3876

> 15.23811

2

12

> 9826.12240

2.032

> 12.82718

3

13

> 10431.08059

2.2098

> 14.56707

4

14

> 10008.49950

2.0574

> 13.63994

5

15

> 9697.12396

2.6162

> 15.36080

6

16

> 9345.71442

1.6256

> 8.86171

7

17

> 10070.77461

2.1336

> 14.14582

8

18

> 9510.29864

2.5146

> 15.36259

9

19

> 10555.63081

3.175

> 22.18539

10

20

> 9528.09152

2.032

> 12.45776

9945.77957

2.27838

14.46464

436.84494

0.42266

3.34517

1209.91638

1.5494

13.32368

Mean
Standard Deviation
Range

Load at Machine
Peak Load
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Specimen note 1

Aluminum Pullout
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Aluminum Pullout
Aluminum Pullout
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Figure 4-25: Lap-Shear Joint Strength (kN) vs. Vertical Welding
Load (kN) at 5000 RPM and 15 IPM

4.8.4

Top Hat Structural Specimen

Honda provided structural specimens to be welded under different configurations of weld
pitch for a study of joint strength. These specimens also served as benchmarks for production
capability and weld cycle times. The end-effector was utilized in a fully automatic mode with a
feed-system to perform FBJ welds along the flanges of the specimen, moving from spot to spot
and welding without manual interruption. Occasional mis-feeds occurred so the machine needed
to be monitored during automated runs.
A DIC measurement was performed by project partner ORNL after structural specimens
with and without adhesive went through a similar paint-bake process to car bodies. The welding
and part curing occurred at Mazak MegaStir / BYU and then parts were shipped to ORNL for
DIC under a paint-bake simulation in an oven. The specimen with adhesive demonstrated no
residual stress at all around the joints after the temperature cycle was complete, while parts that
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Figure 4-26: Structural Specimen Welding Sample Center

did not have adhesive showed small amounts of residual plastic strain in the aluminum near each
joint interface. Figure 4-27 shows completed structural specimens before shipping.

Figure 4-27: Structural Specimen Welding Samples
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5

5.1

CONCLUSIONS AND RECOMMENDATIONS

Conclusions
The purpose of this research was to bring FBJ closer to a point where it is ready for an

automated production environment. A control strategy relying partly on load control was sought
in order to better automate the process and make it more consistent. The current work did not
focus on implementing such a strategy, but instead studied the possibility of correlating vertical
welding load profiles with required joint strength. Before this load analysis could be performed,
the joint strength needed to meet automotive standards in lap shear tension, cross-tension, and Tpeel (see prior Table 5). After a period of welding development, primary process parameters of
5000 RPM and 15 IPM were successful in achieving the target specifications (5kN in lap shear
and 1.5kN in cross-tension and T-peel). Other factors that contributed to consistently achieving
these joint strength standards include: improving the stiffness of the welding machine frame,
reducing the process cycle time, and achieving consistent bit geometry and hardness. The final
results are shown below:
•

Satisfactory joint strength was achieved in lap shear tension, cross-tension, and Tpeel testing configurations with values of 10.1 kN, 4.1 kN, and 1.8 kN, respectively.
These are average values for 10 consecutive specimens in each case, where every
specimen met the standard.
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•

The presence of wet adhesive at the joint interface (to simulate industrial assembly)
had little impact on joint strength, with values of 9.9 kN, 4.1 kN, and 1.8 kN
respectively for lap shear, cross-tension and T-peel configurations.

After achieving the joint strength targets as described above, the vertical welding load
profiles were analyzed for joints that passed and did not pass the required specifications. The
following conclusion was drawn from this study:
•

Load curve profiles were highly correlated with joint strength, where joints that
were successful in meeting the standard exhibited a vertical welding load of 6 kN
during the dwell period after peak load was reached. Since the vertical load
provides pressure for metallurgical bonding, it is postulated that insufficient
pressure during the time and temperature of the welding process was the reason for
the observed weak joint strength in specimens not meeting the standard.

From the data analysis, it appears that vertical welding load profiles show promise as a
potential method of controlling the FBJ welding process. However, while this analysis helped
determine characteristics of a load profile needed for producing for good welds, a “good” load
profile doesn’t necessarily account for all factors that are required for a successful weld.

5.2

Recommendations
Areas of future research would include the prototype and implementation of load control to

the end-effector, further developing tooling to simplify tool changes and process sensitivity,
implementation of a vacuum during the process to remove flashing and ejected material, and
further testing of the current process to understand the input and output parameters in a simulated
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environment. More testing and analysis of the FBJ process may lead to improvements in
parameters and peak loads, as well as supportive information for solid-state bonding processes.
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